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Abstract 
The effect of the soil organic content on the stability of a soil involved in a rapid mud flow is here experimentally investigated. 
The soil is collected form a site where a catastrophic landslide took place (Cervinara – AV) and it is chemically treated to 
selectively remove different aliquots of its original organic carbon. In particular, The Dissolved Organic Carbon (i.e. the carbon 
soluble in water)results the 6% of the soil organic carbon and it is removed with a mild chemical treatment to obtain the DOC 6 
sample, the 77% and 89 % of the Total Organic Carbon (i.e.the pool of oxidizablesoil organic carbon)is removed with a strong 
chemical treatment to obtain the TOC 77 and TOC 89 sample, respectively. The stabilizing effect of the organic carbon is 
investigated by following the evolution of the particle size distribution of soils induced by a mild mixing of diluted slurries and 
we showed that the particle size distribution of the original soil sample is unaffected by the slurry mixing, while those of 
DOC 6,TOC 77 and TOC 89 evolve during time, revealing the breakup of soil aggregates. Our findings highlight the stabilizing 
effect of SOC in the investigated liquid slurries and, furthermore, they suggest that the organic carbon quality, more than its 
quantity, plays a crucial role in the soil stability. Indeed, it is enough to remove the Dissolved Organic Carbon to register a soil 
disaggregation process comparable to that observed for TOC 77 and TOC 89 samples.This suggests that Dissolved Organic 
Carbon is the fundamental organic fraction stabilizing the slurry microstructure. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Trigger and evolution of a mudflow are influenced by several factors acting on different length scales: i) the 
morphological characteristics of the site and its vegetation cover, at macro-scale; ii) the geopedological and 
hydraulic properties of the soil, at meso-scale; iii) the particle shape, the size distribution and the chemical 
composition of the soil, at micro-scale. This work regards the micro-scale and, in particular, it investigates the 
possible effect of the soil organic carbon (SOC) content on triggering and evolution of rapid mudflows. 
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SOC originates from plants, animals and microorganisms, and their exudates.1 The frequent addition of easily 
decomposable organic residues leads to the synthesis of complex organic compounds that bind soil particles into 
structural units called aggregates. These aggregates help to maintain a loose, open, granular condition. SOC, which 
stabilizes microaggregates, is incorporated in the small pore spaces, is protected from microbial attack, and persists 
for long time; for this reason, it is considered an “old” SOC. Conversely, SOC that stabilizes the larger aggregates is 
constantly renewed by crop growth and is readily accessible to microbial attack;2 for this reason, it is considered a 
“young” SOC. Hierarchical theory of aggregation thus proposes that larger aggregates are composed by more stable 
microaggregates.1,3 
The large majority of the works dealing with the role of SOC is related to the study of soil structure and its 
alteration due to land use and soil/crop management practices4-6and, thus, principally refers to dry or wet samples.7-10 
These studies show that SOC contributes to the stability of the soil and also highlight that this stabilizing effect tends 
to increases from dry to wet samples. The case of larger water contents, i.e. of liquid soil slurries, is less 
investigated, but this is the typical condition encountered in mudflows, reached after long and/or intensive rainfall. 
Recently, Carotenuto et al.11 demonstrated the stabilizing effect of the soil organic carbon also on liquid slurries 
made of 40% of soil in water. The soil was taken from a site involved in a catastrophic fast landslide (Cervinara, 
Avellino, South Italy) and the slurry rheology was investigated as a function of the SOC content. A decrease of 
viscosity and yield stress was measured by reducing the amount of the organic matter and, in particular, they 
observed that it is enough to remove a small fraction of organic carbon, i.e. the “young” one, to significantly 
destabilize the slurry. The young organic matter is usually easily removed and restored in the soil. This can be very 
relevant in the landslide trigger forecast, since, this organic fraction can be removed by a water soil washing,4,12like 
that occurring during rainfall events. Since fast landslides are typically triggered by intense rainfalls,13 we can 
hypothesize that this aspect is a factor concurrent to the overall trigger, especially if a “soil washing” is shortly 
followed by another significant rainfall. If this happens, the system maynot have the time to restore the organic 
fraction washed out. 
The decrease of viscosity and yield stress with decreasing SOC content was ascribed to a change of the intensity 
of the attractive interparticle interactions, which induces a change of the clustering ability of the slurry.3We aim at 
confirming what discussed by Carotenuto et al.11from another point of view:The soil aggregative capability of the 
organic matter is investigated by following the evolution of the soil particle size distribution (PSD) when the soil is 
dispersed in water and stirred at a constant velocity. It is indeed known that when a laser granulometry measurement 
wants to be performed, one of the major experimental issues is to have a nicely dispersed sample without aggregates. 
To this end the suspensions is stirred and often subjected to sonication. We here approach the problem on the other 
way round; we focus on the unavoidable aggregated soil, initially dispersed in water, and follow its disaggregation 
kinetics as a function of the SOC content. 
2. Material and Methods 
2.1. Materials 
The soil was collected from the site of Cervinara (Avellino, South Italy), which was affected by a catastrophic 
landslide in 1999.14,15 The soil evolved on a slope covered by pyroclastic deposits pumice-cineritic affected by 
erosion, landslide, accumulation of material and burial of the oldest surfaces. In particular, the sample was taken 
from a specific pedological profile (figure 1.a), which shows the horizons succession O-A-Bw-2C-3Ab-3Btb 
(figure 1.b), defined according to the system of soil classification proposed by the USDA-NRCS (United States 
Department of Agriculture Natural Resources Conservation Service); the profile is classified as an 
AndicHumudepts, mesic, ashy-pumiceous. We collected the soil sample from the Bw horizon located at a depth of 
50-80 cm from the surface mineral soil. In this horizon, the volcanic materials (pumices, ashes) lost the physical 
characteristics of the original parent material mainly for mechanical disruption rather than by chemical alteration. 
However, the process of structuring (aggregation of soil materials) is already started in this horizon. This 
phenomenon is closely related to the process of soil formation and is caused by cementation of colloids of mineral 
and organic origin. The Bw horizon is chosen because it is richer of organic matter than the deeper horizons and its 
SOC is more structured than that of shallower horizons. 
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The soil requires some manipulations to obtain a slurry measurable with a conventional rheometer.16 In particular, 
the soil grains cannot exceed 250 μm to avoid physical and fluid dynamics interferences in the adopted measurement 
tool. To this end, the soil sample was first air-dried for 4 days (at 40°C), the coarser fragile pumices were removed 
by hand, the soil was then sieved to 2 mm to obtain the sample of fine-earth, which was finally fully ground to 
250 μm. This procedure alters the original soil granulometry, but preserves the soil composition and, in particular, 
maintains intact the SOC content. The material so obtained is identified as NCT (Not Chemically Treated). 
The organic carbon content of NCT was determined according to the Springer-Klee procedure17 based on acid 
dichromate oxidation and resulted 8.51 g/kg (Table 1). NCT passed through different chemical treatments to 
selectively extract various fractions of SOC characterized by different solubilities and degrees of complexation with 
the soil mineral matrix. We performed a mild chemical treatment to remove the “young” SOC fraction: the so called 
Dissolved Organic Carbon (DOC). It resulted about 6% of the SOC, the obtained sample was referred to as DOC 6. 
We performed also strong chemical treatments to remove the “old” SOC fraction. We extracted about 77% and 89% 
of the pool of oxidable SOC. Samples were referred to as TOC 77 and TOC 89, respectively. Details on the chemical 
treatments are in Carotenuto et al.11Table 1 lists the soil types used in this work and the corresponding SOC content. 
The density was measured with a 10 ml pycnometer and resulted 2.66 ± 0.01 g/cm3 for all soil samples. 
 
 
Fig. 1. a) Picture of the soil vertical section used to take the sample; b) scheme of the horizon of the soil profile.11 
Table 1. Soil samples.  
Soil Type SOC content  [g/Kg] Removed SOCFraction  [%] 
NCT Not Chemically Treated 8.51 - 
DOC 6 Dissolved Organic Carbon 8.0 6 
TOC 77 Total Organic Carbon  1.96 77 
TOC 89  0.94 89 
2.2. Rheological tests 
Rheological tests, performed at ambient temperature, were run with the rotational rheometer NOVA (Reologica) 
equipped with a Vane geometry: a rod, with 4-blades, with an overall diameter of 23 mm, rotating into a cup with 
diameter of 25 mm (figure 2). This kind of geometry is a modification of the so-called Couette geometry16and it is 
typically used with concentrated suspensions to avoid experimental artifacts due to wall slip phenomena.18-21 To 
exclude sample drying, the experimental cell was kept under a water-saturated environment. A fast experimental 
protocol, and an appropriate data post processing, was individuated to solve the problems related to unavoidable soil 
sedimentation occurring during the rheological tests. Two kinds of rheological tests were run. In particular, we 
measured the viscosity of the samples at different shear rates, ranging from 0.05 to 5 s-1, in order to obtain the 
slurries flow curves. We measured the yield stress by imposing a stress ramp to each slurry samples. The smallest 
applied stress was 0.5 Pa and it is logarithmically incremented by sweeping a decade in 225 s.We focused on these 
two rheological parameters since the yield stress can be related to the trigger of a landslide, while the flow curve to 
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its evolution. Further details on the experimental procedure are in Carotenuto et al.11 
 
Fig. 2. Vane geometry 
Slurry samples used for rheological tests are prepared by hand mixing dried soils with bi-distilled water. In all 
cases, the solid volume fraction is 40%. This value is close to those that may be encountered in natural slurries both 
at the initiation stage and during the mudflow evolution.22 
2.3. Particle size distribution tests 
We measured the particle size distributions with the Mastersizer 3000 laser diffraction analyzer (Malvern). The 
instrument allows detecting particles from 0.01 to 3500 μm. It is important to emphasize that the diffraction models 
used to obtain the particle distribution are based on the spherical shape assumption; in case of non-spherical particles 
the analysis refers to a volume equivalent spherical particle.23 
The soil samples are dried and then gently added to the water, which is stirred at the constant velocity of 
1500 rpm. In diffractometric measurements, the water suspension must be rather transparent and a light obscuration 
percentage of about 10% to 20% is typically considered suitable. All the measured suspensions have the same 
obscuration of about 15%; to this end 0.1-0.3 g of soil were typically added to 400 ml of water. 
3. Experimental results 
3.1. Viscosity and yield stress  
Figure 3 shows the viscosity of the four slurry samples, obtained with soils with different content of SOC, as a 
function of the shear rate.11Error bars are ± the standarddeviations of 12 different sets of tests.All samples show a 
marked shear-thinning behaviour, i.e. the viscosity reduces by increasing the imposed shear rate. At a fixed shear 
rate, the viscosity, η, decreases by lowering the amount of SOC. The decrease of η with SOC is strongly nonlinear. 
In fact, i.e.at a shear rate of 1 s-1, the removal of only the 6% of the total organic carbon (DOC 6)induces a ~70% 
reduction of the viscosity, while the removal of the 77% (TOC 77) and 89% (TOC 89) leads to a viscosity reduction 
of about 80% and 93%, respectively. We believe that the observed viscosity reduction is related to a change of the 
soil interparticle interactions. In the literature, in dry and wet soils, organic carbon is considered to exert an 
aggregative force among grains,3 thus we can assume that the attractive interparticle interactions decrease while 
decreasing the SOC content, thus reducing the clustering ability of the slurry. 
Each set of experimental data in figure 3 can be reasonably interpolated with a power law function: 
 ߟ ൌ ܭ ή ߛሶ ݊െͳ (1) 
where K is the slurry consistency and represents the sample viscosity at a shear rate equal to 1 s-1, n is the flow index 
and, for shear-thinning fluids, varies from 0 to 1.24-27 The smaller the value of n, the larger the reduction of the 
viscosity with shear rate. The regression curves as well as the corresponding values of both K and n, deriving from 
the best fitting of the experimental points,are reported in the legend of figure 3. 
The marked shear-thinning behaviour observed in figure 3, especially the strongest one shown by NCT sample, 
may give an insight in the mudflow propagation. Let remind indeed that the soil under investigation comes from a 
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site affected by a rapid mudflow and, effectively, a marked shear-thinning behaviourmay contribute to a progressive 
mudflow acceleration. 
 
Fig. 3. Viscosity as a function of the shear-rate for the four samples with different SOC content. Symbols are the experimental points; error bars 
are the standard deviations of 12 different tests; lines are the regression of the experimental data.11 
 
Fig. 4. Shear-rate as a function of the applied stress; circles) NCT, squares) DOC 6, triangles) TOC 77, rhombi) TOC 89.11 
We measured the yield stress of the four samples with different SOC content. Figure 4 shows the values of the 
measured shear rate as a function of the applied stress, which is increased as discussed in the Section 2, Materials 
and Methods. Data in figure 4 show transients with a rich phenomenology. Let’s start from data of sample DOC 6 
(emptysquared symbols). At the smallest stresses there is no flow, i.e. the shear rate results nil or negligible, then the 
flow trigger jerkily proceeds. In particular, the shear rate shows a first sharp increase at about 3.5 Pa, followed by a 
local maximum and a subsequent decrease, a second peak is observable at about 6 Pa; finally, from 7 Pa the shear 
rate monotonically grows and the flow definitely starts. So, at 3.5 Pa a first “disaggregation” of the slurry 
microstructure occurs thus allowing the incipit of a slow movement; but the system rearranges into a stable 
microstructure that tends to suppress the flow. A similar scenario occurs at about 6 Pa where the second peak is 
found.The first shear rate peak, at ca. 3.5 Pa, can be also observed for TOC 77 samples (filled triangle symbols). In 
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this case, the peak is more pronounced, thus suggesting a larger microstructure disaggregation/aggregation process. 
The second peak is instead absent. As regard TOC 89 also the first shear rate peak disappeared and both shear rate 
and strain are every increasing functions. At about 3.5 Pa, the flow starts (empty rhomboidal symbols) suggesting 
that the microstructure disaggregation observed in DOC 6 and TOC 77 samples is no more hampered by a 
microstructure re-aggregation, and the peak observed with the other samples can be here considered infinitely large. 
Conversely, at about 3.5 Pa, NCT sample does not show any peak thus implying that the relative destructuring 
mechanism is here absent and the flow eventually starts at higher stresses, even ten times larger than 3.5 Pa 
(figure 4). To summarize, from NCT to TOC 89 samples, whose organic content is progressively smaller, the 
intensity of the first shear rate peak, at ca. 4 Pa, results gradually stronger, starting from zero and going to infinity.11 
This scenario suggests that the reduction of the organic carbon progressively relaxes the stabilising, and/or 
restructuring, capability of the slurry. 
The yield stress was estimated by Carotenuto et al.11 as the value corresponding to the definitive start of the flow; 
i.e. the value where the shear rate monotonically increases and eventually diverges. By reducing the amount of SOC 
also the yield stress decreases and, in particular, it results 26.4 Pa, 5.4 Pa, 5.2 Pa and 2.8 Pa for samples NCT, 
DOC 6, TOC 77 and TOC 89, respectively. The yield stress reduction is not directly proportional to the amount of 
organic carbon; but, its largest decrease occurs by eliminating only 6% of organic carbon. 
3.2. Particle size distribution 
The soil aggregative capability of the organic matter is here investigated by following the evolution of the soil 
particle size distribution when the soil is dispersed in water and stirred at a constant velocity. It is worth noticing that 
the dried soil is directly added to the water without any kind of pretreatment, like manual grinding of coarse 
aggregates or sonication. In fact, we aim at studying the disaggregation process possibly induced by the sole (and 
mild) sample stirring, at different SOC contents. The choice of adding the untreated soil sample to the water has the 
obvious drawback of starting the experimental measurements from different initial PSDs, even when the test is 
repeated on the same soil type. This is due to several factors, e.g.: i) the amount of soil added to the water is not 
necessarily perfectly representative of the entire soil sample; ii) the drying and the subsequent storage of the sample 
induces a particle clustering that may be also affected by the SOC content. 
 
Fig. 5. Initial particle size distribution of four sample with different SOC content. 
An example of the initial particle size distribution of the four sample types, with different content of SOC, is 
shown in figure 5. In this case, the initial PSDs are rather similar and despite this we may notice that NCT and 
DOC 6 have a larger quantity of coarser particle and a smaller quantity of finer particles with respect to TOC 77 and 
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TOC 89. It is worth noticing that, apart from the SOC content, the initial PSDs reveal the occurrence of very large 
particles, with a diameter considerably greater than the 250 μm of the sieve mesh used to prepare the soil (as 
described in the Section 2, Materials and Methods). This is related to the absence of any sample pretreatment, thus 
the dimensions measured in correspondence of the initial PSD refer to both particles and particle aggregates. 
Figure 6 shows the initial, an intermediate and the final particle size distribution of the four soil types to show the 
PSD evolution during the stirring process. NCT particle size distribution appears unaffected by the mixing and in 
fact the three curves in figure 6.a essentially overlap, while those of DOC 6, TOC 77 and TOC 89 show a 
measurable evolution in time. In particular, the mode of these distributions shifts towards smaller diameters, the 
fraction of the larger particles decreases and the coarser aggregates (d > 1 mm) disappear. This indicates that soil 
aggregates of DOC 6, TOC 77 and TOC 89 are effectively broken by the flow, while they remain intact in the NCT 
sample. 
To better emphasize this disaggregation process, the evolution in time of the D90, i.e.the diameter such that the 
90% of the population has a diameter below D90, is plotted in figure 7 for three different samples of each soil type. 
To bypass the difference in the initial size distribution, we show in figure 7 the D90 normalized with its initial value. 
Figure 7.a confirms that NCT samples are never disaggregated by the mild mixing process and indeed D90 stays 
almost constant during the process, while DOC 6, TOC 77 and TOC 89 samples show a clear reduction of D90 in all 
cases, but one. The latter sample, unaffected by the flow, reflects the absence of large aggregates in the initial PSD, 
which is not shown here for the sake of brevity. 
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Fig. 6. Particle size distributions of the four samples. The continuous, dashed and dots-dashed lines represent the initial, the intermediate and the 
final distribution, respectively. 
 
Fig. 7. Evolution of normalized D90 in time. For each soil type, three different samples are tested and they are plotted with white, gray and black. 
4. Conclusions 
The stabilizing role of the SOC is known in the literature for dry and wet soils and has been recently proved in 
slurries with rheological tests by Carotenuto et al.11 We here confirm these results with a different experimental 
approach. We follow the evolution of the particle size distribution of soils induced by a mild mixing of diluted 
slurries. The soil sample was collected from a site involved in a catastrophic rapid mudflow and a part of it was 
chemically treated to selectively reduce the organic carbon content. In particular, we used a mild and a strong 
chemical treatment. With the former, only 6% of SOC was subtracted, it is the so-called Dissolved Organic Carbon; 
with the latter, 77% and 89% of SOC was removed. Four different soil typologies were then investigated: NCT that 
contains all the original organic matter, DOC 6, TOC 77 and TOC 89, where 6, 77 and 89% of SOC was removed, 
respectively (Table 1). 
We show that the PSD of NCT sample is unaffected by the slurry mixing, while those of DOC 6,TOC 77 and 
TOC 89 evolve during time showing a reduction of D90 due to the aggregates breakup. Data show that the 
stabilizing effect depends more on quality than on quantity of the organic carbon. Indeed, it is enough to remove the 
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Dissolved Organic Carbon to register an evolution of the PSD, actually comparable to that observed for TOC 77 and 
TOC 89 samples. 
The obtained results prove that the proposed methodology is meaningful and sensitive to differences among soils 
induced by the presence of the organic carbon. The results are however still preliminary and further 
studies,parametricin the mixing velocity together with the investigation of the effects of an eventual sonication, are 
deserved. 
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